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Circadian rhythms: A fine c(l)ocktail!
Urs Albrecht
The central pacemaker of circadian behavior in
mammals is located in the suprachiasmatic nuclei, each
neuron of which has its own circadian rhythm. Recent
studies shed light on the integration of these individual
cellular rhythms and on novel genetic determinants that
have been found to influence circadian behavior.
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We humans have in common that we automatically go to
sleep at night and wake up in the early hours of the day. As
we prepare to get up in the morning, our body adjusts itself
to begin the day by increasing the heart rate, blood
pressure and temperature; in the evening, our heart rate,
blood pressure and temperature decrease and we fall asleep.
These daily biological rhythms are controlled by self-con-
tained circadian clocks within our body. Circadian clocks
regulate a diversity of activities in nature, such as the
sleep–wake cycle, migration behavior in birds and seasonal
reproduction. Circadian rhythms are defined as oscillations
that display a cycle of about 24 hours, hence the term circa-
dian from the latin circa dies which translates into ‘about
one day’. The length of this period is relatively unaffected
by changes in temperature or nutritional state. Its phase,
however, can be synchronized, or ‘entrained’, to the envi-
ronment by light, food availability or temperature rhythms. 
The oscillatory mechanism of the circadian clock is cell-
autonomous and molecular components driving the clock
have been identified for a variety of organisms (reviewed in
[1]). The clock framework is based on interlocking feedback
loops involving transcription. In mammals, the transcription
factors Clock and Mop3 (Bmal1) drive the expression of
several genes that encode clock components, such as Period,
Double-time and others. In vivo and in vitro data suggest that
Period proteins, perhaps acting together with cryptochrome
proteins, interfere with the Cock–Mop3 transcription
complex and regulate transcription of their own genes.
In mammals, many tissues show circadian oscillations [2],
but the primary circadian clock is thought to be located in
the suprachiasmatic nuclei (SCN) in the ventral part of the
hypothalamus, just above the optic chiasm [3]. Each
nucleus of the SCN is composed of about 10,000 neurons,
which are heterogeneous in ultrastructure, cytochemistry
and anatomical connectivity. Many of these neurons can
behave as independent oscillators in vitro, but in the SCN
they communicate among themselves to ensure that they
fire in a coordinated manner with a firing rate that is
higher during the day than during the night. SCN neurons
also communicate with other brain areas through neuronal
and humoral signals [4], thereby controlling circadian and
seasonal behavior. But it is not clear how the circadian
phenomena of single cells are incorporated into a multi-
oscillatory pacemaking system that controls stable rhythms
in the behavior of the animal.
In this dispatch I shall focus on two recent studies of
circadian rhythm generation in mammals [5,6]. The first
sheds new light on how the cellular composition of the
SCN determines its primary pacemaking function [5]. The
second shows that genetic background influences circadian
behavior and reveals genomic loci that determine parame-
ters of circadian behavior [6].
Probing the SCN with mouse chimeras
Mutation of the Clock gene lengthens the circadian period
and reduces the amplitude of circadian rhythms in mice.
The Clock gene was initially identified in a mutagenesis
screen and mapped to mouse chromosome 5 [7,8]. The
Clock protein has a ‘PAS’ helix-loop-helix domain through
which it interacts with Mop3 and thereby activates tran-
scription of several genes that play a role in generating circa-
dian rhythms. The effects of Clock are cell-intrinsic and can
be observed in single neurons of the SCN [9]. In their
recent study, Low-Zeddies and Takahashi [5] took advan-
tage of this property to study how Clock mutant cells func-
tionally interact with wild-type cells in the SCN in vivo to
control circadian behavior. They generated mouse chimeras
that are genetic composites of wild-type and Clock mutant
cells derived from more than one zygote. Each chimeric
animal contained a unique mixture of Clock mutant and
wild-type cells; the composition of the SCN in the chimeras
was approximated by the coat color mosaicism of the mice.
Low-Zeddies and Takahashi [5] found that the wheel
running behavior of their chimeric mice varied gradually
from wild-type to Clock mutant behavior. This behavior
correlated with the composition of the SCN (see Figure 1).
When the majority of cells in the SCN were wild type the
behavior of the animal was normal; an increasing proportion
of Clock mutant cells in the SCN caused aberrant wheel
running behavior, similar to that observed in homozygous
Clock mutants. A few cells of the opposite genotype in an
otherwise almost homogenous cell population were not suf-
ficient to cause a change in behavioral rhythmicity. This
indicates that a few neurons cannot set the pace and
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dominate the rhythmic behavioral output of the SCN. An
intermediate behavioral phenotype, comparable to the phe-
notype of Clock heterozygotes, was observed in chimeras
that had roughly equal amounts of wild-type and Clock
mutant cells (Figure 1). These ‘phenocopies’ of Clock het-
erozygotes show that intercellular allelic distribution can
mimic intracellular allelic effects on behavior.
Many of the Clock chimeras displayed circadian periods
between 23.7 and 28 hours, characteristic for their compo-
nent genotypes. Intermediate values indicate that more
than one cell determines the behavior, and that wild-type
and Clock mutant cells in the SCN functionally interact to
generate various intermediate phenotypes. This is in accor-
dance with studies that measured individual cellular oscil-
lators in vitro [9–11] and the observation that normal SCN
organization decreases variability of the period length and
enhances synchrony among oscillatory cells [9,12]. The
Clock chimeras show in a compelling way that the SCN can
integrate a larger range of period lengths than occur in
normal animals. In subsequent analyses it will be important
to discern whether single oscillatory cells are induced to
express the intermediate periods, or if the averaging effect
is an emergent tissue or systems level property.
Low-Zeddies and Takahashi [5] found that exposure to a
light pulse during the dark phase of a light–dark cycle
could temporarily disrupt the wild-type-like behavior of
some Clock chimeras. This indicates that the circadian
oscillators are less stably synchronized in the chimeric
mice than in wild-type mice. This reveals a complexity of
the multi-oscillator circadian system and indicates that
certain cellular functions might be disrupted in Clock
mutant cells that are only apparent under specific condi-
tions. A comparison between gene expression profiles of
Clock mutant cells and wild-type cells might help to
uncover such defects in cellular function.
On the basis of principal component analysis of their data,
Low-Zeddies and Takahashi [5] point out that two key
parameters of rhythmic behavior, period and amplitude,
vary independently in Clock chimeras. This indicates that
the circadian clock contains separable functional units and
that different sets of cells probably determine the period
and amplitude of circadian behavioral rhythms. It also seems
that phase-shifting behavior in chimeras is mediated by a
distinct set of cells in the SCN. One can imagine, therefore,
that the specific distribution and localization of wild-type
versus mutant cells in the chimeric mice determines which
aspect of the mutant phenotype is expressed (Figure 2). 
This might partially explain the larger variation in
behavioral phenotypes observed in Clock chimeric animals
compared to Clock heterozygotes, where of course every
cell is equally affected by the mutation (Figure 2). In
subsequent analyses it will be important to localize the
cells that are responsible for setting the period, amplitude
or phase of the clock. Chimeric animals could be used for
Figure 1
Schematic diagram of a coronal section
through the center of the SCN in different
genetic backgrounds. The left half illustrates
the cell composition in chimeric animals and
the right half of non-transgenic mice of varying
genotype. Blue circles indicate cells with both
alleles of the wild-type genotype (visualized by
lacZ staining [5]); white circles represent cells
with both alleles of the mutant genotype; and
circles filled one half with blue and the other
with white depict cells with one wild type and
one mutant allele. Note that chimeric animals
can contain different combinations of the two
genotypes of cells, varying from almost pure
wild-type cells to almost pure mutant cells
(illustrated by the left bar). In contrast, the
non-chimeric animals have only one type of
cells: wild-type, heterozygous mutant or
homozygous mutant. The three discrete states
are illustrated by the three short bars on the
right.
Current Biology  
Chimeric mice Non-chimeric mice
Wild-type
behavior
Heterozygote
behavior
Mutant
behavior
Two wild-type
alleles
One wild-type
one mutant
allele
Two mutant
alleles
Dispatch R519
this purpose. Because each chimera is a new permutation
with an effectively unique proportion and distribution of
mutant and wild-type cells, large numbers of animals will
be needed to screen for similar phenotypes to localize by
statistical means functional units inside the SCN.
Complex genetic determinants of circadian behavior
The new results discussed above indicate that cellular
determinants influence circadian behavior. The observa-
tions summarised in Figure 1 imply that the non-chimeric
mice with different genotypes have discrete behavioral
states and do not show the behavioral variability exhibited
by chimeric animals. This is only partially correct, however,
because even wild-type animals of different strains display
variations in behavioral phenotypes, such as sleep patterns,
and these variations are genetically determined [13,14]. To
identify genetic determinants of circadian rhythmicity, Shi-
momura et al. [6] recently carried out a genome-wide
complex trait analysis. They characterized variations in five
circadian phenotypes: period length, phase, amplitude,
activity level and dissociation of rhythmicity.
Shimomura et al. [6] identified 14 genomic loci that have
significant effects on these behavioral characteristics, and
found also locus pairs that interact epistatically — that is,
one or other locus determines expression of a trait — to
affect circadian phenotype. Interestingly, the loci that they
identified mapped to locations different from those of
known clock genes, indicating the presence of additional
clock-relevant genes in the mammalian circadian system.
These findings demonstrate a significant genetic complex-
ity underlying circadian behavior. Future experiments will
determine the genes at the identified loci, and it will be
interesting to see whether these genes are exclusively
involved in the circadian clock mechanism or whether
they are components of other biochemical pathways that
interlock with the circadian system.
There is evidence that classical signalling pathways can
activate the promoter of the  human Per1 gene [15], a clock
component which is regulated by the Clock protein, and
hence a variety of signalling molecules can probably
influence the clock mechanism and circadian behavior.
The cellular integration process that determines the
behavioral output in the SCN might therefore be linked to
genetic traits involving cell–cell communication. This
would make the circadian clock both a pacemaker and an
integrator of physiological states at the same time.
References
1. Dunlap JC: Molecular bases for circadian clocks. Cell 1999,
96:271-290.
2. Yamazaki S, Numano R, Abe M, Hida A, Takahashi RI, Ueda M,
Block GD, Sakaki Y, Menaker M, Tei H: Resetting central and
peripheral circadian oscillators in transgenic rats. Science 2000,
288:682-685.
3. Klein DC, Moore RY, Reppert SM: Suprachiasmatic Nucleus:
The Mind’s Clock. New York: Oxford University Press; 1991.
4. Silver R, LeSauter J, Tresco P, Lehman M: A diffusible coupling
signal from the transplanted suprachiasmatic nucleus controlling
circadian locomotor rhythms. Nature 1996, 382:810-813.
5. Low-Zeddies SS, Takahashi JS: Chimera analysis of the Clock
mutation in mice shows that complex cellular integration
determines circadian behavior. Cell 2001, 105:25-42.
6. Shimomura K, Low-Zeddies SS, King DP, Steeves TDL, Whithley A,
Kushla J, Zemenides PD, Lin A, Vitaterna MH, Churchill GA,
Takahashi JS: Genome-wide epistatic interaction analysis reveals
complex genetic determinants of circadian behavior in mice.
Genome Res 2001, in press
7. Vitaterna MH, King DP, Chang A-M, Kornhauser JM, Lowery PL,
McDonald JD, Dove WF, Pinto LH, Turek FW, Takahashi JS:
Mutagenesis and mapping of a mouse gene, Clock, essential for
circadian behavior. Science 1994, 264:719-725.
8. King DP, Vitaterna MH, Chang AM, Dove WF, Pinto LP, Turek FW,
Takahashi JS: The mouse Clock mutation behaves as an
antimorph and maps within the W19H deletion, distal of Kit.
Genetics 1997, 146:1049-1060.
9. Herzog ED, Takahashi JS, Block GD: Clock controls circadian period
in isolated suprachiasmatic nucleus neurons. Nat Neurosci 1998,
1:708-713.
10. Welsh DK, Logothetis DE, Meister M, Reppert SM: Individual
neurons dissociated from rat suprachiasmatic nucleus express
independently phased firing rhythms. Neuron 1995, 14:697-706.
11. Liu C, Weaver DR, Strogatz SH, Reppert SM: Cellular construction
of a circadian clock: period determination in the suprachiasmatic
nuclei. Cell 1997, 91:855-860.
12. Meijer JH, Watanabe K, Schaap J, Albus H, Detari L: Light
responsiveness of the suprachiasmatic nucleus: long-term
multiunit and single-unit recordings in freely moving rats.
J Neurosci 1998, 18:9078-9087.
13. Tafti M, Franken P, Kitahama K, Malafosse A, Jouvet M, Valatx JL:
Localization of candidate genomic regions influencing paradoxical
sleep in mice. Neuroreport 1997, 8:3755-3758.
14. Franken P, Chollet D, Tafti M: The homeostatic regulation of sleep
need is under genetic control. J Neurosci 2001, 21:2610-2621.
15. Motzkus D, Maronde E, Grunenberg U, Lee CC, Forssmann WG,
Albrecht U: The human PER1 gene is transcriptionally regulated by
multiple signaling  pathways. FEBS Lett 2000, 486:315-319.
Figure 2
Hypothetical distribution of cells in the SCN with different functions.
Period (τ), amplitude (A) and phase (φ) are assigned to specific cells.
White circles represent cells with two mutant Clock alleles and blue
circles represent wild-type cells; half-blue circles represent heterozygous
cells with one mutant and one wild-type Clock allele. Depending on the
distribution of Clock mutant cells in chimeras 1 and 2, different functional
combinations are made, producing different behavioral phenotypes. In
heterozygous mice, however, the one mutant allele affects all cells.
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